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Summary DNA repair processes play an important role in the determination of radiation response in both normal and tumour cells. We have investigated one aspect of DNA repair in a number of human cell lines of varying radiosensitivity using the adenovirus 5 host cell reactivation assay (HCR) . In this technique, gammairradiated virions are used to infect cells and the ability of the cellular repair systems to process this damage is assayed by a convenient immunoperoxidase method recognising viral structural antigen expression on the cell membrane 48 h after infection. Reduced HCR was exhibited by radioresistant HeLa cells and by a radiosensitive neuroblastoma cell line, HX142. In contrast, an ataxia telangiectasia cell line, AT5 BIVA, did not show reduced HCR. On the basis of these results we can make no general conclusions about the relevance of HCR to cellular radiosensitivity. We have extended these studies to determine whether our cell lines exhibited enhanced viral reactivation (ER) following a small priming dose of gamma-radiation given to the cells before viral infection. No evidence for this phenomenon was found either in normal or tumour cell lines.
It has been generally accepted for several years now that a major determinant of the cellular response to ionising radiation is the ability of cells to repair radiation-induced damage (Alexander et al., 1965) . Unfortunately, the evidence for repair as one reason for differences in radiosensitivity between different cell lines is still rather sparse. The inability to fully rejoin DNA double-strand breaks (dsb) has been associated with radiosensitivity in a few mutant rodent cells (e.g. Kemp et al., 1984) but such differences have not always been found. For ataxia telangiectasia (A-T) fibroblasts, widely recognised to be repair-deficient, there is only one report of a strand-break rejoining deficiency (Coquerelle & Weibezahn, 1981) although there is some evidence for a decrease in the fidelity of dsb repair (Cox et al., 1986) , a feature that is not measured in classical DNA damage assays.
Examination of the repair of externally irradiated foreign DNA presents an attractive way of combining these two facets of repair. The test cells are not irradiated, so any differences in induced damage which have been detected in mammalian cells (Radford, 1986; McMillan et al., 1990) are not a problem. The use of a functional endpoint to assess the integrity of the foreign DNA means that repair fidelity is an integral part of the assay. Thus in this study we have investigated the use of irradiated virus particles as a probe for DNA repair in human cells of differing radiosensitivity.
Adenovirus 5 is a linear, double stranded DNA virus which subverts the host cell's replicative system to reproduce itself (Green et al., 1971) , and which replicates in both proliferating and non-proliferating cells (Philipson & Linberg, 1974) . This and other viruses have been used extensively as probes for DNA repair (Defais et al., 1983) following treatment either with chemical agents (Day et al., 1980) , U.V. (Rainbow & Mak, 1973) or with gamma-radiation (Rosen et al. 1987) . In each case the principle is that the virus is treated prior to infection and virus replication is assessed either by staining the infected cells for the presence of molecules produced by the virus (Rainbow & Howes, 1979) or by testing the ability of the virus to form plaques in the test cells (Day et al., 1980) . Any modification of the survival of the virus is due solely to the action of cellular repair processes since the viruses themselves demonstrate no ability to repair DNA. Direct evidence for the repair of radiation-induced damage in viral DNA by a human host cell, a process termed host cell reactivation (HCR), has been obtained from sedimentation studies of radiolabelled virus through sucrose density gradients (Rainbow, 1974) .
Comparisons of different cell types using these systems following gamma-irradiation has mainly concentrated on putative repair-deficient syndromes. Xeroderma pigmentosum (XP) cells, for example, have been shown to have a reduced repair capacity for gamma-ray induced DNA damage (Rainbow & Howes, 1979) , despite showing no significant hypersensitivity to ionising radiation when clonogenic cell survival is assessed. In contrast, A-T cells which are highly sensitive to ionising radiation, do not show a decreased ability to reactivate irradiated virus (Jeeves & Rainbow, 1986 ). We are not aware of any studies that have examined HCR of gamma-irradiated virus in human tumour cells. However, such assays have been used to assess responses to cytotoxic drug treatment in human melanoma (Parsons et al., 1986; Hayward & Parsons, 1984) and human brain tumour (Day & Ziolowski, 1979) cell lines. In addition, U.V. irradiated adenovirus has been used to investigate DNA repair in several human fibroblast strains. Friedberg et al. (1979) found reduced HCR in XP cells whilst Rainbow (1991) (Jeeves & Rainbow, 1983a,b) , gammaray (Jeeves & Rainbow, 1979) and chemicals (Sarasin & Hanawalt, 1978) . These treatments affect the HCR of a variety of nuclear replicating mammalian viruses that have been treated with either U.V. or ionising radiation. The extent of ER has been found to vary between cell lines. For example, A-T cells demonstrate a reduced gamma-ray ER of both U.V. and gamma-irradiated adenovirus (Jeeves & Rainbow, 1986) , and of a single-stranded DNA parvovirus (Hilgers et al., 1987 ) although a normal ER was found when Herpes simplex virus 1 was used as the probe (Hilgers et al., 1989) .
In the present study we have used adenovirus 5 as a probe for HCR and ER in a series of human cells, the aims being to characterise the basis of the variation in radiosensitivity which is seen in such cells and to investigate the potential of viral probes as predictors of cellular radiosensitivity.
Materials and methods
Cell culture Five human tumour cell lines and two transformed human fibroblast cell lines were used. MGH-U1 was derived from a transitional cell carcinoma of the bladder (Kato et al., 1977) as was RTI 12 (Masters et al., 1986) . HeLa is an established cervix cell line whilst HX142 was derived from a xenografted neuroblastoma (Deacon et al., 1985) . HX34 is from a melanoma originally grown as a xenograft (Smith et al., 1978) . All the tumour cell lines were maintained in Ham's F12 medium plus 10% foetal calf serum (Imperial Laboratories) with regular passaging using 0.05% trypsin in 0.02% versene.
Both the transformed fibroblast lines were maintained in Dulbecco's modified Eagle's medium with 10% foetal calf serum and the addition of 10 mM HEPES (Sigma) as a buffer. AT5 BIVA is an immortalised fibroblast line derived from a patient with ataxia telangiectasia whilst MRC5-CV1 is an immortalised fibroblast line originating from a normal patient (Arlett et al., 1988) .
The radiosensitivity of these cell lines, except HeLa, has been described in previous publications (Peacock et al., 1988 (Peacock et al., , 1989 Irradiation 300 1l aliquots of frozen adenovirus were gamma-irradiated at -70°C on solid carbon dioxide using a 39TBq cobalt-60 source at approximately 80 Gy min-1, before being thawed and used to infect cell cultures as described previously. For investigation of enhanced reactivation multi-well dishes containing cell monolayers were given 2 Gy at 1.2 Gy min-' immediately prior to infection with adenovirus, and then assayed as before.
Results
Relationship between infection and staining For each newly isolated batch of virus preliminary experiments were performed to determine the level of dilution required to obtain a reasonable number of stained cells in each multiwell. This dilution of virus varied between cell lines, the most resistant to infection (HX142) requiring an inoculum of virus approximately twelve times that of HeLa, the most susceptible to infection (see Table I ).
It was important for all cell lines to determine that there was linearity of viral infection-i.e. that the number of stained cells increased linearly with the inoculum of virus. That this was indeed the case is indicated by Figure 1 , where the spectrum of susceptibility to infection is also shown. The linearity of these data also suggest that multiplicity of infection is unlikely to be a major factor in these experiments. If complementation were a problem then we would expect these curves to show upward curvature, indicative of an exponential increase in the number of stained cells observed with only a linear increase in viral inoculum used. Figure 2 shows the viral reactivation data for all seven cell lines. In each case the data are consistent with an exponential relationship between the radiation dose to the virus and the number of stained cells observed (relative to the staining produced by a control unirradiated viral aliquot). The slopes of these lines are given in Table I Relationship between viral reactivation and radiosensitivity The comparison between the clonogenic cell survival curves and the viral reactivation results is shown in Figure 3 and also in Table I . It is at once apparent that the ranking order of the cell lines is not the same in the two assay systems. In particular, the radioresistant line HeLa appears the least able to repair damage to the viral genome, whereas the radiosensitive and classically repair-deficient AT5 BIVA line (Taylor, 1978) exhibits almost as great an ability to restore viral functional integrity as any cell line studied. However, the remainder of the cell lines produce broadly similar ranked results in both assays. The radioresistant lines (RT1 12 and MGH-Ul) exhibit the greatest host cell reactivation, whilst the HX142 neuroblastoma cell line appears more sensitive to irradiation and also less able to restore viral functional integrity. HX34 and MRC5-CVI showed intermediate responses in both assays.
Viral reactivation

Enhancement of reactivation
We have investigated the induction of repair (Shadley & Wiencke, 1989) of adenovirus DNA by treating cellular monolayers with 2 Gy of radiation immediately prior to infection with gamma-irradiated adenovirus. The results were Viral inoculum (arbitrary units) Figure 1 Relationship between viral inoculum and cell staining. A representative plot for one batch of virus isolated is illustrated. compared with those in unirradiated cells and are shown in Figure 4 . Prior irradiation of the cells seems to have no effect on the ability to restitute viral function. We have found no evidence for enhanced reactivation and there is no significant variation (P>0.05) from the appropriate sham-irradiated control monolayers of any of our cell lines.
Discussion
Viruses have proved to be useful probes in the study of DNA repair processes in many mammalian cells (Defais et al., 1983 ). Here we have reported a range of abilities to reactivate gamma-irradiated adenovirus in five human tumour cell lines. A reduced HCR capacity was shown by both HeLa and HX142 in comparison to the other tumour cell lines (although in the case of HX142 and HX34 this was not a statistically significant difference). In addition, AT5 BIVA exhibits as great an ability to reactivate adenovirus as any cell line studied, a result which verifies that of Jeeves and Rainbow (1986) who found no reduced HCR in ataxia telangiectasia cells compared to normal fibroblasts. In our study AT5 BIVA shows slightly increased HCR compared to a MGH-U1 Figure 3 Comparative plots of the lines generated from the host cell reactivation data and the cell survival curves determined from clonogenic stem cell survival assays . The cell survival curves were fitted by the linear quadratic equation (Kellerer & Rossi, 1972) . gamma-irradiated virus has been reported in the absence of an increased sensitivity to ionising radiation (Rainbow, 1980) . These data immediately suggest that this assay cannot be used as a predictive test for cellular sensitivity in human tumour cells, but they do identify questions about the mechanisms underlying radiosensitivity. Rainbow and Mak (1972) have demonstrated that single-strand breaks in DNA (ssb) are probably the major lethal lesion in gammairradiated viral DNA since there are only 0.16 DNA doublestrand breaks (dsb) induced per inactivation of plaque forming ability. Consequently, excision repair is thought to be the major repair pathway assayed using viral HCR. With A-T it has therefore been suggested that an excision defect is not an important factor in its radiosensitive phenotype. The reduced HCR in XP on the other hand fits in with its known defect in excision repair (Friedberg et al., 1979) . On the basis of these data, however, we cannot make any conclusions about the relevance of the reduced HCR in HeLa and HX142 and cellular radiosensitivity.
Using the HCR assay, we have failed to demonstrate enhanced reactivation of viral antigen production following a small dose of gamma-radiation to our cellular monolayers. In an earlier study using adenovirus 2 Jeeves and Rainbow (1986) reported an increase in ER for normal fibroblasts, but not for ataxia telangiectasia fibroblasts. For these experiments a variety of priming doses were used ranging from 2.5 to 20 Gy. ER tended to reach a maximum and plateau at doses above 10 Gy, but even at 2.5 Gy a mean ER factor of 1.8 was obtained using normal fibroblasts. We found no enhanced reactivation in either our AT or our normal fibroblasts, but both of these lines have been immortalised by SV40 transformation which may account for the observed results. Rainbow (1989) found defective repair of irradiated adenovirus in both human tumour and SV40-transformed human cells so perhaps our inability to demonstrate ER in either our fibroblast or human tumour cell lines is not altogether surprising. We could have extended our studies to use larger priming doses of gamma-radiation but the high cell kill induced (approximately 1 log for every 2 Gy increase in dose in HX142) would have made it difficult to assess the relevance of these data in surviving cells. With other measures of inducible repair in mammalian cells it is rarely necessary to use doses above 1 Gy (Shadley & Wiencke, 1989) .
Overall these data show clear variation in the ability of human tumour and normal cells to reactivate gammairradiated adenovirus. The suggestion from the low HCR ability of radioresistant HeLa cells, however, is that this repair function is not significantly influential in the survival of mammalian cells following irradiation. This may be due to the nature of the lesion type which is primarily responsible for inactivation of irradiated adenovirus but which may have little effect on the survival of mammalian cells.
